
~~ ~ ~~~~ ~~ ~~ 

. . . ...... . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  :. 1 - . .  . . . . . . . . . . . . . . .  - ..... - ..... . .  
h 

b b 

. ,  

. .  

.- .. 

NASA TECHNICAL TRANSLATION NASA TT F-l1,76O 

0 
\o 
h 
.) 

c 
c 

SIMPLIFIED LONGITUDINAL-STABILITY ANALYSIS FOR A 
GLIDER I N  TOWED FLIGHT 

I 
LL 

I- 
I- 

Jer ty  Ma ryn  i ak 

Trans la t ion  of "Uprosrcrona Ana l i t a  Statecr-  
nosci Podlurnej Szybowca w Locie Holowanym". 

Mechanika Teoretyczna i Stosowana, Warsaw, Poland, Vol. 5, 
No. 1, pp. 57-101, 1967. 

GPO PRICE $ 

CSFTl PRICE(S1 $ 

Hard copy (HC) 

Microfiche (M F) 

ff 653 July 65 

NATIONAL AERONAUT I CS AND 
WASH I NGTON, DC 20546 

8 .  

SPACE ADM I N I STRAT I ON 
JUNE 1968 

. .  

. . . . . . . .  . . . . . . . . . . .  . - .  ._ . . -7- ..._- 



.- , 

More Important Symbols Used 

a = -  dcz[l/rad] Variation i n  l i f t  coe f f i c i en t  of  g l i d e r  as  a function of t he  
da 

angle of incidence. . .  
3C:H 

ut = -;-[[!/=dl Variation i n  l i f t  coe f f i c i en t  of  control  surfaces  as a 

function of the angle of incidence of  t h e  control  
c=H 

surfaces .  

WradI Variation i n  l i f t  coe f f i c i en t  of control  surfaces  as a G R  
%f 

Cr, = - 
funct ion o f  angle of def lec t ion  of  e levator .  

=-I .. Coefficient o f  moment inc l in ing  g l ide r ,  der iving from aero- 

dynamic forces. 

Car Coeff ic ient  o f  moment inc l in ing  g l ide r ,  der iving from towing 
-i 

cable. -- 
\C..ct Aerodynamic coef f ic ien ts  of force  normal and tangent t o  

I 

cable  determined i n  r e l a t i o n  t o  diameter and u n i t  length 

of  cable. - -  
c z  Aerodynamic coef f ic ien t  of aerodynamic l i f t .  

2 - c, -I Aerodynamic coef f ic ien t  o f  res i s tance .  
rl- -- - - .  
iQIil1- Diameter of towing cable.  

i "us, . 
g mlse,P ' Acceleration of gravi ty .  - 
--"i w - 2  , -  

I k [ m l '  Coordinate of towing attachment lock of g l ide r  
A- 

v e r t i c a l l y  r e l a t i v e  t o  center  of gravi ty .  

measured 

h7-w- dcma S t a t i c  margin of g l i d e r  i n  free f l i g h t .  - G 
- dCi S t a t i c  margin of g l i d e r  i n  towed f l i g h t .  
h$T -- .) dCr 

Variation i n  s t a t i c  margin of g l i d e r  caused by towing. 

& a <  ,467- 2 2  C L ' ~  FUR L'r)L,NfiL 7 ~ ~ 7  
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Moment of i n e r t i a  of g l i d e r  r e l a t i v e  t o  t ransverse  ax is .  

Coordinate o f  towing attachment lock of g l i d e r  measured 

ho r i zon ta l ly  r e l a t i v e  t o  center  of gravi ty .  

Length of cable,  f r e e  and under load. 

Average aerodynamic chord. 

Distance of axis  of r o t a t i o n  of e leva tor  from center  of 

grav i ty  of gl ider .  

Aerodynamic der iva t ives  of moment of i nc l ina t ion  r e l a t i v e  

va r i a t ion  i n  longi tudinal  ve loc i ty ,  v e r t i c a l  ve loc i ty ,  

r a t e  of var ia t ion  i n  angle o f  incidence,  and angular 

ve loc i ty  of i nc l ina t ion  i n  dimensionless form. 

Mass of g l ide r .  

Moment inc l in ing  g l ide r .  

t o  

Aerodynamic force 

length. 

Aerodynamic force 

Aerodynamic force 

Aerodynamic force 
- 

normal t o  cable  and ac t ing  on one meter of  

normal t o  cable.  

tangent t o  cable.  

of r e s i s t ance .  

Aerodynamic buoyancy ( l i f t ) .  

Elevator drag. 

Elevator l i f t .  

Unit weight of  running meter of cable. 

Glider  weight. 

Reynolds number. 

L i f t i ng  sur face  of g l i d e r  wings. 

iii 
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SH - -- [mz~ 1 

r [kgh] 

Li f t ing  sur face  of e leva tor .  - 
Tangent aerodynamic fo rce  ac t ing  on one meter o f  cable  

- 

length. 

Time. 

' Cable tension.  

_c_ 

F g j  Force der iving from cable  and ac t ing  on g l i d e r  towing 

attachment lock. 

-i - -- b ? k g ]  

w (m;)kgj 

Variat ion i n  horizontal  ve loc i ty .  , 

Variat ion i n  v e r t i c a l  ve loc i ty .  - 

u, = ~[rn;T@] Fl ight  speed. 

x,'[ni] -$ 

X![ml 

Distance of center  of grav i ty  from aerodynamic center .  

Horizontal dis tance between ends of towing cable.  

Cable der ivat ives  of hor izonta l  component of  force  o f  

-- - 

s X t r X ~ t  L - 

t ens ion  of cable r e l a t i v e  t o  horizontal  and v e r t i c a l  

displacement in  dimensionless form. 
_- 

1 
f i  xw* xq erodynamic der iva t ives  of  hor izonta l  component of aero- 

- 

dynamic fo rce  r e l a t i v e  t o  va r i a t ions  i n  hor izonta l ,  v e r t -  - 
ical ,  and angular ve loc i ty  of  i nc l ina t ion  i n  dimensionless 

form. 

i q[ds 1 Horizontal  component of  cable tens ion  appl ied t o  g l i d e r  
1c 

towing attachment lock and ac t ing  i n  d i r ec t ion  of  f l i g h t  
m- 

Zt-lmj Vertical dis tance between ends of towing cable.  

Vertical distance of aerodynamic center  from center  of 4 : ~ .  
-4 

gravi ty .  
---L- 

zg.&$J Vertical distance of a x i s  of r o t a t i o n  of e leva tor  from 

_1 
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center of gravi ty .  

Cable der ivat ives  of v e r t i c a l  component of fo rce  o f  cable 

tension r e l a t ive  t o  horizontal  and v e r t i c a l  displacement 

i n  dimensionless form. 

Aerodynamic der iva t ives  of  v e r t i c a l  component o f  aero- 

dynamic force r e l a t i v e  t o  var ia t ions  i n  hor izonta l ,  ve r t -  

ical ,  and angular ve loc i ty  of  i nc l ina t ion  i n  dimensionless 

form. 

Vert ical  component of force  of tension applied t o  g l i d e r  

towing attachment lock and ac t ing  normal t o  t h e  d i r ec t ion  

of f l i g h t .  

Angle of incidence o f  g l ide r .  

Angle of incidence of v e r t i c a l  t a i l  un i t .  

Angle of elevator displacement. 

Angle of displacement of streams flowing from wing. 

Angle of slope o f  towing cable  re la t ive t o  l i n e  of f l i g h t  

measured a t  t h e  g l i d e r  towing attachment lock. 

Angle of slope-of towing cable  r e l a t i v e  t o  l i n e  o f  f l i g h t  

measured a t  a i r c r a f t  towing attachment lock. 

Towing angle l i m i t  due t o  equilibrium of  forces .  

L i m i t  of towing angle due t o  equilibrium of moments. 

Coefgt’- - \ - *  of elongation of cable. 

Aspect r a t i o  of g l i d e r  wing. 

Roots of cha rac t e r i s t i c  equation i n  dimensionless form. 

Coefficient of effect iveness  of e leva tor  u n i t .  

?. 
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Damping coefficient in dimensionless form. 

Oscillation frequency in dimensionless form. 

e&gse&q Air density. 
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NASA TT F-11,760 

SIMPLIFIED LONGITUDINAL-STABILITY ANALYSIS FOR A 
GLIDER I N  TOWED FLIGHT 

Jerzy Maryn iak  

ABSTRACT. Discussion of  the l ong i tud ina l  s t a b i l i t y  o f  a r i g i d  
g l i d e r  towed by an a i r c r a f t  i n  s t r a i g h t  hor izon ta l  steady f l i g h t .  
The conf igura t ion  o f  t he  towing rope under the e f f e c t  o f  aero- 
dynamic forces i s  es tab l  ished, togett ier  w i t h  the equi 1 ib r ium 
condi t ions of the g l i d e r .  The range o f  angles formed by the 
towing rope and the corresponding l i f t  c o e f f i c i e n t s  are 
ca lcu lated.  
per tu rba t ion  technique proposed by Bryant, Brown, and Sweet- 
ing leads t o  a s ix th-order  c h a r a c t e r i s t i c  equation, the 
roots  o f  which may be determined by the Bairstow method. 
The resu l t s  i nd i ca te  tha t  the towing process does not  a f f e c t  
the  h igh  frequency o s c i l l a t i o n s  bu t  does enhance the  fugoida l  
o s c i l l a t i o n s .  To reduce the l a t t e r  e f f e c t ,  i t  i s  essent ia l  
t o  f l y  the g l i d e r  below the l eve l  o f  the towing c r a f t  and t o  
a t tach  the towing rope i n  f r o n t  and above the g l i d e r ' s  center 
o f  g rav i t y .  

A s t a b i l i t y  analys is  performed by a small 

1. I n t roduc t i on  

Towed g l i d e r  f l i g h t s  are widely employed a t  t h e  present time. Up t o  t h e  
present ,  however, t he  problem of g l ide r  s t a b i l i t y  i n  towed f l i g h t  has not been 
f u l l y  solved. There a re  only a few papers deal ing with t h i s  problem. 

' I n  1933 F. Janik [6] discussed the  loads occurring i n  towed g l i d e r  f l i g h t .  
This paper did not deal  with s t a b i l i t y  problems. 
t i o n  of t h e  towing cable, adopting approximate va r i a t ion  of t h e  aerodynamic 
coe f f i c i en t s  as a function o f  t h e  %gle of i nc l ina t ion  of  t he  cable,  a va r i a t ion  
not based on experimental r e su l t s .  

It determined t h e  configura- 

Reference [12] discussed t h e  s t a b i l i t y  of  a towed g l i d e r  on a shor t  "shaft" 
undergoing no deformation. 

Reference [l] contains a number of  publ icat ions o f  Bryant, Brown, and 
Sweeting r e l a t i n g  t o  t h e  s t a b i l i t y  o f  k i t e s  and g l ide r s  i n  towed f l i g h t .  The 
authors i n  determining t h e  towing angle (4 ) d e a l t  exclusively with t h e  equi- 
l ibr ium of t h e  forces ,  ignoring t h e  equilibrium of t h e  moments, t h i s  exer t ing  a 
considerable influence on the  value of t h e  i n i t i a l  da t a  necessary f o r  dynamic 
s t a b i l i t y  ca lcu la t ions .  While they introduced i n t o  t h e  equations of motion t h e  
de r iva t ive  of t h e  pi tching moment r e l a t i v e  t o  va r i a t ion  i n  t h e  v e r t i c a l  ve loc i ty  

1 

/ 

Numbers i n  the margin ind ica te  pagination i n  the fo re ign  tex t .  

1 

'\ 



. -  - . .  
- .. . 

e . 
. .. 

., 
. .  

. .  . . _ .  

5 *  a. 7a, as f o r  free f l i g h t ,  they f a i l  t o  allow f o r  t h e  va r i a t ions  der iving from 

towing. 
t h e  dynamic s t a b i l i t y .  
being inext  ens i b l  e. 

With some configurations these va r i a t ions  a r e  considerable and affect 
In t h e  paper i n  question t h e  towing cable  is  t r ea t ed  as 

S. Neumark i n  [9] discussed the  configurat ion o f  an inextens ib le  balloon 
cable on t h e  bas i s  of wind tunnel t e s t s  ca r r i ed  out i n  1934 a t  t h e  Aerodynamic 
I n s t i t u t e  i n  Warsaw. 
s t a b i l i t y  of  a balloon on an inextensible  cable. 
a t ive ,  and determines t h e  configurations of an inextensible  cable,  ignoring t h e  
r e s i s t ance  o f  f r i c t i o n .  
cable is s l i g h t  and t h e  resistance of f r i c t i o n  may be of  t he  same order  as t h e  
aerodynamic force  normal t o  t h e  cable and must not be 'ignored. 

In  [ lo ]  dating from 1963 he discusses  t h e  problems of 

In  t h e  case of  g l i d e r  towing t h e  sag of t he  towing 

He derives t h e  cable  der iv-  

The present  paper discusses the  case o f  towing of a r i g i d  (undeformable) 
g l i d e r  by a heavier-than-air  c r a f t  in l e v e l  s t r a i g h t  steady f l i g h t .  
b a s i s  o f  [9] and [ lo]  t h e  configuration is  determined of an extensible  towing 
cable,  t h e  r e s i s t ance  of f r i c t i o n  being taken i n t o  account. The equilibrium and 
longi tudinal  s ta t ic  s t a b i l i t y  of a g l ide r  i n  towed f l i g h t  are discussed, and t h e  
ranges o f  t h e  towing angles and t h e  coe f f i c i en t s  of aerodynamic l i f t  which can 
be achieved during towing are determined. 

On t h e  

The theory of small perturbations has been applied i n  examination of  t h e  
Equations o f  motion have been obtained i n  t h e  dynamic s t a b i l i t y  of a g l ider .  

form o f ' a  system of ordinary second-order d i f f e r e n t i a l  equations with constant 
coe f f i c i en t s  [l]. This has permitted determination of t h e  coe f f i c i en t s  o f  t h e  
c h a r a c t e r i s t i c  equation and appl icat ion of t h e  Routh-Hurwitz s t a b i l i t y  c r i t e r i a ,  / 5 8  

Bairstow method. 
as well as ca lcu la t ion  of t he  roo t s  o f  t h e  c h a r a c t e r i s t i c  equation by t h e  - 

The dynamics of t h e  towing cable and t h e  per turbat ions der iving from 
uns tab le  movements of t h e  a i r c r a f t  have not  been discussed. 
been solved by t h e  method applied i n  dea l ing  with s t a b i l i t y  i n  free f l i g h t  [3, 
4, 111. 
free f l i g h t  and towed f l i g h t  and has s impl i f ied  analysis .  

The problem has 

This has permitted mutualcomparison of  t h e  results corresponding t o  

S t a b i l i t y  analysis  has been made on t h e  bas i s  of numerical ca lcu la t ions  
performed f o r  a high-performance g l ider .  The pos i t ion  r e l a t i v e  t o  t h e  towing 
a i r c r a f t ,  t he  towing speed, t h e  locat ion of t h e  towing attachment lock r e l a t i v e  
t o  t h e  center  of  grav i ty  o f  t h e  g l ider ,  and the  length of t he  towing cable have 
been inves t iga ted  from t h e  standpoint of effect on g l ide r  s t a b i l i t y .  

. .  
, .  2. Aerodynamics o f  Towing Cable 

/60 - 
I n  order t o  determine t h e  configuration of t he  towing cable it i s  necessary 

f 

I 

- 1  

t o  know t h e  aerodynamic forces  as well as t o  have da ta  on t h e  u n i t  weight and 
t h e  e las t ic  proper t ies  of t h e  cable. Because of t h e  v a r i a b i l i t y  of t he  angle of 
s lope  o f  t he  cable  i n  r e l a t i o n  t o  the l i n e  of f l i g h t  it i s  necessary t o  
determine t h e  coef f ic ien t  of lift Czl and t h e  coef f ic ien t  of  res i s tance  Cxl as a 

i 

. i  
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r. 

z funct ion of t h e  angle of s lope  of 
t he  cable 4 .  

The coe f f i c i en t  of aerodynamic 
r e s i s t ance  of a cable s e t  perpendi- 
cu la r  t o  t h e  a i r  flow (4 = 90° )  i s  
designated by Cn, and t h e  coe f f i c i en t  

of f r i c t i o n  r e s i s t ance  of a cable s e t  
p a r a l l e l  i n  t h e  flow (4 = 0),  has 
been designated by C,. 

The aerodynamic forces  ac t ing  
on an element of cable of length Z 
and diameter d inc l ined  a t  an angle 4 
t o  t h e  flow of a ve loc i ty  V (Figure 1) 
has been considered. 

: 

c 

a 

I 

The aerodynamic forces  defined 
by t h e  coe f f i c i en t s  are of t h e  form Figure 1 .  D t s t r i b u t i o n  of 

__-. __ - - Veloc i t ies  and Aerodynamic _ _  - _--  Forces Acting on Cable Ele- 1 1 
ment  o f  Length 2 and Dia- I p,, = -e/dv2Cnsin2q, Pl = - eldV2C,costy. 

_L 
2 

- - - -  _ _  2 - _ - - -  - meter d .  

resolving forces  Pn and Pt i n  t he  d i r e c t i o n  normal and tangent t o  t h e  flow we 
obtain:  

- - __----I__ - 

pa, = p,cosq- P,sing, = - 2  --ctdV2(Cnsin2vcosq- C,SinQ~S2(9),I 

P x e  P,sing+P,cosF = --~ldV~(C.sin~g.+C,c~~’q). 2 

1 

1 (2.1) 

- - -- _ _  _-- __ - -- 
t he  l i f t  ac t ing  on cable  element Pzz and t h e  fo rce  of r e s i s t ance  Pxz 
determined by means of coef f ic ien ts  Czz  and Cx: 

are 

. _-- 

where 
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The values of  Cn and Ct have been selected so  t h a t  r e l a t ions  (2.3) w i l l  agree 

with t h e  experimental r e s u l t s  of [9 and 131 (c f .  Figure 2 ) .  

In Figure 2 t h e  curves designated by N were obtained by S. Neumark during aero- 
dynamic t e s t s  of  balloon cables i n  1934 a t  t h e  Aerodynamic I n s t i t u t e  i n  Warsaw 
[ g ] .  
K. D. Wood [13]. Functions (2.3) of t h e  aerodynamic coe f f i c i en t s  may be applied 
f o r  towing cables over the  e n t i r e  range of ve loc i t i e s  employed i n  towing 
g l ide r s .  
Re = (1 + 6)-104. The m a x i m u m  values of t he  Reynolds number are far  below t h e  
c r i t i c a l  Reynolds number Recr = (1.8 4 5)-105 [2 and 131. 
assurance t h a t  we w i l l  always be i n  the  s u b c r i t i c a l  range and t h a t  i n  calcula- 
t i ons  the re  is  no need t o  conduct aerodynamic t e s t s  f o r  individual  towing cables 

On t h e  o ther  hand, t he  curves designated by the  symbol W were given by 

The range of Reynolds numbers f o r  towing cables embraces t h e  values 

This gives us t he  

. A  

P I  

3 .  Charac ter i s t ics  of Towing Cable 

The following t a b l e  gives the  u n i t  weights q of towing cables ,  t h e  coeff i -  
c i en t s  of elongation defined as 1 = AZ/PZo, and t h e  diameters d of  cables 

employed a t  the  present time i n  Poland f o r  towing g l ide r s  [14]. 

A 
B 
C 
D 

~ - - -  C 0070 Coiled s ty lon  cable 
,&aided styl-o> cable 0,0067 

0,0083 3raided s tQcloxc-able 0,0113 Coiled s tv lon  cable 

0,0308 0,001 17 

0.0462 0,00335 
0,0326 O,aoo25 

0,077 1 0,00021 

I 



___.. . .  . .. 
. .  

. . . . . . . . .  . . . . . . . . .  . .  : 
. .  

. , . .  ... 

Wood ' s_ I ---- 

I 

Figure  2. Experimental and Theore t ica l  Curves o f  Aerodynamic 
L i f t  and Resistance Coeff ic ients Versus V a r i a t i o n  i n  Angle o f  

I n c l i n a t i o n  

4. Configurat ion o f  Towing Cable 

In  considering t h e  problems of equilibrium and s t a b i l i t y  of  g l ide r s  i n  
towed f l i g h t  it is necessary t o  kriow t h e  forces,T1 on t h e  g l i d e r  towing lock 

attachment as a function of  t h e  coordinates of t h e  ends of t h e  towing cable,  
x z and angles @o and $1 r e l a t i v e  t o  t h e  l i n e  o f  f l i g h t ,  which the  cable 

c rea tes  on t h e  towing attachments of t h e  a i r c r a f t  and t h e  g l i d e r  (Figure 3 ) .  
1' 1' 

Let us consider t h e  case of towing of a g l i d e r  i n  which t h e  towing a i r c r a f t  
i s  i n  steady, horizontal ,  s t r a i g h t  f l i g h t ,  while t he  g l i d e r  may assume any 
pos i t ion  i n  the  v e r t i c a l  plane i n  the l i n e  of  f l i g h t .  

which aerodynamic forces  a re  applied. 
t h e  cable  may be ignored i n  t h e  case of a towing cable [S, 7 ,  81. 

The towing cable i s  regarded as an idea l ly  f l e x i b l e  and heavy connector t o  
The bending moments due t o  r i g i d i t y  of 

A cable element dZ has been considered t o  which is  applied t h e  force  of 
tension of t h e  cable T and T + dT, dead weight qdZ, tangent aerodynamic force 

/62 - 

5 



t cos2 $dZ, and normal aerodynamic force n s i n 2  $dZ have been applied(Figure 4 ) .  
The following notat ion has been introduced: 

1 '  1 
n = -edV*C,, 2 t = -edV2CI. 2 

t R A  

.Figure 3. Geometric Quanti ties Characterizing the Towing 
of a Glider 

The equations f o r  project ion of t h e  forces  i n  t h e  d i rec t ions  tangent and 
normal t o  t h e  cable element are of  t h e  form 

- .-- - 
- T+ (T+dT)cos(dq)+ t coszcp dl- qsinp, dl = 0, 

- 1  -((T+dT)dp,+nsin2qdl+qccspdl= 0. I C  1 

/63 - After conversions, t h e  small terms of a higher order being ignored, and 
introduct ion of t he  dimensionless coeff ic ient  of cable weight 

6 
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we obtain 

.-.-.-.- 

I 
J 

After  introducing t h e  new 
constants [ 101 

and in t eg ra t ing  (4.2) we obtain t h e  
re 1 at  i on 

where 

F i g u r e  4. D i s t r i b u t i o n  o f  Forces 
Act ing  on Cable Element of Length 

dZ 

- 
ctg y-cosp cos 2* 

. ' T = ( f g Y s )  
(4 4) 

. 'I 

/64 As with T and 9 w e  obtain t h e  functions of  T and v l ,  subs t i t u t ing  $ l  i n  1 
place  of $ i n  (4.4) and (4.5). 

By applying r e l a t i o n  (4.3) w e  can ca lcu la te  t he  cable  tension a t  any point 
of  t h e  cable ,  provided we know t h e  value o f  4 and T at one of i t s  ends. 

7 
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From t h e  second equation of (4.1) we obtain 

Tdy == (qcosp+nsin2y)dl. 

af ter  subs t i t u t ing  r e l a t i o n  (4.3) i n  (4.6) w e  obtain t h e  length of t he  towing 
cable i n  the  in t eg ra l  form 

The coordinates of t h e  ends of t h e  towing cable xl and z1 (Figure 3) 

l a t ed  on t h e  bas i s  of  t he  geometric r e l a t ions  

we obta in  
L .  

- 
We change t h e  l i m i t s  of in tegra t ion  in  order  t o  introdi 

2 re'' 
Cqcosg+C,,sin2g, ' 07 *  

0 

2 re"Jcosg, @=-- edV2/  Cqcosp+C,,sin2p dp' 

_ _  

8 

ce t h e  n 

a re  calcu- 

(4 9) 

functions 

(4.10) 

(4.11) 
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. ,  

(4.12) 

and the  coordinates of 
r e l a t i v e  t o  the  towing 

the  end of 
attachment 

The length o f  t h e  towing cable  is  determined by use of functions (4.10) t o  
(4.12) and r e l a t i o n  (4.3) : 

the cable a t  the  g l i d e r  towing attachment 
of t h e  towing a i r c r a f t :  

(4.13) 

f o r  ' the  ex tens ib le  cables  employed for  towing 

- .  

f l  = f o ( 1  +>.TI) ; -- 

by tak ing  i n t o  account the  changes i n  tension 

(4.14) 

(4.15) 

the  following has been adopted: 

(4.16) 

T along t h e  cable we obtain the  
d i f fe rences  of * 0.01% i n  r e l a t i o n  t o  2, ca lcu la ted  from (4.16) and * 3% i n  
r e l a t i o n  t o  AI1 (elongation).  

obtained a f t e r  numerical integraticm of (4.10) t o  (4.12) f o r  a type C cable and 
a towing speed V = 20 m/sec and SO m/sec. 

Figures Sa and Sb give examples of t h e  functions P ,  0 ,  v , 7 ,  and e 9 

The towing angle @1 and the  C, of towing corresponding t o  it w e  determine 
on t h e  bas i s  of sec t ion  6, t h i s  permitt ing ca lcu la t ion  of the  force  .on t h e  
g l i d e r  towing attachment T1. 

of t h e  cable  Z1, and from the  diagrams of  Figure 5 f o r  the value of 6, we f ind  

From re l a t ion  (4.16) we ca l cu la t e  t h e  t o t a l  length 

P1 '  01' 
(4.13). 

0 then u 

ends of 

.L 

and v l ,  t h i s  permit t ing calculat ion of p 0  from equations (4.3) and 

and v o .  

t h e  cable zl and zl .  

From the  diagram i n  Figure 5 w e  f i nd  f o r  t h e  value P t h e  angle 6 0 ,  and 0 
Using (4.14) and (4.15) we ca lcu la te  t h e  coordinates of t h e  

........ . . . . . .  -. . . .  ,.-._ . . . . . .  - . .  
~ 

9 
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F i g u r e  5a. Functions of Length cc and Coordinates of Ends of Cable o 
and v f o r  Type C Cables a t  Towing Speeds of 20 and 50 m/sec 



, 

Figure 5b. Functions 7 and eq f o r  Type C Cable a t  Towing Speeds 
of 20 and 50 rn/sec 

11. 
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5. Coeff ic ients  of Forces Deriving from Tawing Cable (Cable Derivatives) 

In  order  t o  determine the  forces der iving from the  towing cable we assume 
the  va r i a t ion  i n  the  forces  w i t h  the displacement of  t h e  ends of t h e  cable  
r e l a t i v e  t o  each o ther  t o  be linear i n  nature .  

On the  analogy of t he  aerodynamic der iva t ives  employed i n  inves t iga t ion  of 
t h e  s t a b i l i t y  of a i r c r a f t ,  we have introduced t h e  cable  der iva t ives  (coef f i -  
c i en t s  of forces)  which a r e  defined as follows: 

The va r i a t ions  i n  the  forces  deriving from the  towing cable  a r e  represented 
by means of t he  cable der iva t ives  

1 Force T 

r e l a t i v e  t o  the  l i n e  of f l i g h t ,  and i t s  corresponding components are:  
der iving from the  towing cable is applied t o  the  attachment a t  angle $ 1 

We obta in  the  va r i a t ion  i n  t h e  force a f t e r  d i f f e r e n t i a t i o n  o f  r e l a t i o n  (5.2): - 

If we introduce i n t o  (5.3) t h e  dependence on dT1 and Tld$l expressed by the  
elementary displacements c k l  and dz, and Tl, Z l ,  xl, zl ,  
equation with (5.1) we ca lcu la te  the cable der iva t ives  

After converting (4.2) and (4.3) and introducing them i n t o  (4.6) we 
obtain t h e  dependence on the  elementary cable length 

/67 

12  
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' 1  

and s imi l a r ly  

/E By use of r e l a t ions  (5.4) t o  (5.6) t h ree  equations a r e  obtained which 
represent  t h e  change i n  cable length and the  changes i n  the  coordiriates of t h e  
pos i t i on  of the  cable  ends under the  inf luence of  change i n  force dT1 and towing 
angles d t ~ ~  and a0 as  i n  [ l o ] :  

. . - . . . .. - -  

a f t e r  converting equations (5.7) t o  (5.9) and el iminat ing r 'od$o and 7 tl&l we 
obtain t h e  r e l a t ions  - 
- - _ _ _  

- - - -  - 

{dx , [TI (sin Q I - sin YO) - q si n y, I (a - 11 sing 0 )  J + 1 
dTl= -- 

O(1 - - q l , i . s i t q  I )  (5.11) 

i dq [TI (cos ~6 - cos p: I )  - q sin VI ([I cos FO - XI))} 

where 

13 
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qcosrf1S nsill+ - -  -- - {d-v, [h sin - z 1 + j! T&1= - I - (sin ~ 1 1 -  sin yo)] + 
6,l- yil Lsing I )  

Subs t i tu t ing  r e l a t i o n s  (5.10) and (5.11) i n  equations (5.3) and arranging r e l a -  
t i v e  t o  h1 and dzl, w e  obtain t h e  cable der iva t ives  i n  the  form: 

(5.13) 

. 

where 

.. . 
(5.14) 

The terms Xt3: , X t z  , Z t z  , and Z t z  a re  the  cable de r iva t ives  calculated 

by S. Neumark [ l o ]  f o r  inextens ib le  cables.  When t h e  coe f f i c i en t  of  inextens- 
i b i l i t y  h = 0, expressions (5.13) f o r  cable  der iva t ives  coincide with t h e  
r e s u l t s  of  S. Neumark: 

1 .  1 1 1 

(5.15) 

The o ther  terms of t he  cable der ivat ives  a r e  of the  form: 

- 

11 
8 Xca = -- sintp (sinpl-sinpo) (qcosql+nsin*~p~), 

(5.16) 

P 
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I t  i s  r e l a t i v e l y  simple t o  ca lcu la te  t h e  cable der iva t ives  by using formulas 

quan t i t i e s  we ca l cu la t e  on the  bas i s  o f  sec t ion  4 of t h e  present  paper. 
(5.12)-(5.16). They depend on r$ 1’ o,, T1’ zl, Zl, 21’ A ,  Q, and n, which 

6 .  Longitudinal  E q u i l i b r i u m  o f  a Gl ider  i n  Towed F l i g h t  

Equilibrium of t h e  forces  and moments ac t ing  on a g l i d e r  must occur i n  
steady horizontal  towed f l i g h t  (Figure 6).  

Figure 6. D i s t r i b u t i o n  of Forces and Moments Acting on a G l i d e r  
i n  Towed F l i g h t  and Geometric Relat ions 

Three equilibrium equations are  obtained: 
- - ._ 

PE+Pz,r-Q-T~singl = 0, 
- -  . - .  . 

(6.2) 

(6.3) 

Ticos~i-Px = 0, 
.- . . _ -  ~ 

Mo+ P, (x, cos a- Z, sin u) + Px (x,sin &z,cos u)+PzH (/Hcos a+ zli sin a) + 
-k TI cosrf I (h,cos u-k, sin G)- 7‘1 sinel (/z,sin a -+ k, cos u )  = 0. 

- .  - .  ------ _-_ 
After  conversion and d iv i s ion  by the s ides ,  from equations (6.1) and (6.2) we 
obta in  

me dependence on the  aerodynamic lift of the  control  sur faces  P H is subs t i t -  
uted i n  equation (6.4) [ 4 ] :  2 

15 
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and t h e  dependence on t h e  aerodynamic l i f t  o f  t he  g l ide r  Pz 
res i s tance  P- are represented by means of t h e  coe f f i c i en t s  

2 

1 I 
2 .2 

' P: = -- QSVT: ,  p,  = -- osy2c, .. . . . .  

and t h e  t o t a l  

We obtain t h e  l i m i t  o f  t h e  towing angle 9p due t o  equilibrium o f  t h e  forces  i n  
extreme displacement o f  t h e  elevator  + 
(upward) : 

(downward) and - 'H max 'H min 

where 

.- _- - - 
The force  of  tension of t h e  cable a r i s i n g  a t  t h e  g l i d e r  towing attachment 

i s  determined from equation (6.2) : 

- I  

I 

I 

Knowing t h e  g l i d e r  res i s tance  P and t h e  towing angle 91, we ca lcu la t e  X 
I force  T 

t h e  e l eva to r  u n i t  i n  order t o  insure equilibrium of t h e  moments i n  steady 
f l i g h t .  

From equation ( 6 . 3 )  we determine t h e  force  P H which must a r i s e  on 

After subs t i t u t ing  force  PZH as thus calculated i n  equation (6.4) w e  
, 2 

1' 
r ,  

3 

obtain t h e  formula f o r  t he  dependence of  t h e  towing angle 9 
of aerodynamic l i f t  of t he  g l i d e r  C z :  

on t h e  coef f ic ien t  1 

, i  
.. 
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where Cmm is  t h e  coef f ic ien t  of t he  p i tch ing  moment of t h e  g l i d e r  without 

e l eva to r  Unit [4 ]  and i s  of  t h e  form: 

. .  
. . .  

0 I 

. . .  
'. 7 

1 . .  
. '  . .i 

. . i  

... .* 
.' . i . .  

. . . .  

Relation ( 6 . 8 )  defines  f o r  t h e  given l i f t  coef f ic ien t  Cz t h e  only possible  
towing angle 4. which ensures equilibrium of t h e  g l ider .  These are t h e  values 
C of towing necessary 1 f o r  towed f l i g h t  of a given g l i d e r  a t  a s p e c i f i c  speed. a 

Because:of t h e  l imited value of  aerodynamic l i f t  P H on t h e  control  surface 

corresponding t o  t h e  extreme displacement of t h e  e leva tor ,  by using equations 
( 6 . 3 )  and (6.5) we obtain t h e  l imits of  t h e  towing angle 9, due t o  equilibrium 

of t h e  moments: 

z 

... 

In  Figure 7 t h e  C o f  towing 7s p lo t t ed  against  t h e  towing angle 91 and z 
curves of t h e  l i m i t s  due t o  equilibrium of the  forces  9, and due t o  t h e  equi- 
l ibrium of  the  moments 9, a re  entered i n  t h e  figure. 
drawing t h a t  equilibrium of a g l ide r  i n  towed f l i g h t  is  poss ib le  only when the  
curve of t he  values C of towing i s  within t h e  range of t h e  ava i lab le  values C 

This condition may be achieved by su i tab le  loca t ion  of t h e  towing attachment and 
proper s t r u c t u r a l  and aerodynamic design of t he  e leva tor  u n i t .  

I t  is  t o  be seen from t h e  

/71 
z 2' - 
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Figure  7.  L i f t  Coef f ic ients  Necessary f o r  Towed F1 i g h t  (values 
Cz o f  towing) As a Function o f  Towing Angle 9 
t o  E u i i l i b r i u r n  of Forces 4,, = f(CZ) and Due t o  E q u i l i b r i u m  o f  

Moments 9, = f ( C Z )  for  Extreme Displacements o f  Elevator  

w i t h  L i m i t s  Due 1 '  

- 
7. S t a t i c  Longitudinal  S t a b i l i t y  of a G l i d e r  i n  Towed F l i g h t  

The concept of s ta t ic  s t a b i l i t y  adopted i n  av ia t ion  is discussed a t  length 

The condition of longi tudinal  s t a t i c  s t a b i l i t y  i n  f r e e  f l i g h t  is 

i n  papers devoted t o  the  dynamics of a i r c r a f t  f l i g h t  [3,  4 ,  111. 

G<, 
dC, 

i 

f o r  t h e  pos i t i ve  d i rec t ion  o f  action of  the moments adopted i n  
( the  p o s i t i v e  moment is t he  moment l i f t i n g  the  g l i d e r  and caus 
the  angle of a t tack) .  

! 
1 

i 

t h e  
ng 

pres en t p ape r 
ncrease i n  



I 
I 

.I 
. .  
. .  The s ta t ic  s t a b i l i t y  has t o  do only with t h e  occurrence of moments causing 

re turn  of  t h e  g l i d e r  t o  a s ta te  of  equilibrium during t h e  f i r s t  moment a f t e r  
per turbat ion of f l i g h t  [3,  4, 111. 

By analogy with free f l i g h t  it is proposed t h a t  t h e  concept of s t a t i c  
s t a b i l i t y  i n  free f l i g h t  be introduced, with the  d e f i n i t i o n  C,h = f ( C Z ) ,  i . e . ,  
t he  coe f f i c i en t  of t h e  pi tching moment calculated r e l a t i v e  t o  t h e  center  of 
g rav i ty  of t he  g l i d e r  (Figure 6 ) .  

In  dimensionless form we represent t h e  p i tch ing  moment by means of t h e  
coe f f i cien t 

where 

f l i g h t ,  

forces  ac t ing  on t h e  g l ide r ,  

cab le. 

designates t h e  coef f ic ien t  o f  p i tch ing  moment of a g l i d e r  i n  towed 

is  t h e  coef f ic ien t  of t h e  pitching moment der iving from t h e  aerodynamic 

is  t h e  coef f ic ien t  o f  t h e  pitching moment der iving from the  towing 

'rnh 

'ma 

'mz  

After d i f f e r e n t i a t i o n  of (7.2) r e l a t i v e  t o  C we obta in  
2' 

In accordance with t h e  d e f i n a i o n s  adopted i n  av ia t ion  [3,  4, 111 we obtain 
i n  t h e  form t h e  s ta t ic  margin i n  towed f l i g h t  h 

where - - __ 

f l i g h t ,  

. dc, h, = - 
dc,  i s  the  s t a t i c  margin with t h e  control  surface held i n  f r e e  

____ - 
,hi = - -- dCmr is t h e  va r i a t ion  i n  s t a t i c  margin der iving from the  towing 

dC: cable.  - 
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e 

The s t a t i c  margin 't; i n  f r ee  f l i g h t  has not been derived i n  t h e  present  1 
paper and has been adopted on t h e  basis  o f  [4 ]  i n  t h e  f i n a l  form 

Let us consider the  mome ts  of he forces  der iving from the  towing cable 
(Figure 6). The components X 7 and Z t o f t h e  force  der iving from cable  tension 

8 1 1 
and applied t o  t h e  g l i d e r  towing attachment vary as  a function of t h e  angle of 
a t tack  a. 
of t h i s  paper: 

We determine them by using t h e  cable der iva t ives  derived i n  sec t ion  5 

The moment of  t h e  forces  deriving from the  cable  i s  of t he  form 

s u b s t i t u t i n g  r e l a t ions  ( 7 . 5 )  and (6.7) i n  (7 .6)  and taking i n t o  account 
t he  fact t h a t  angle of a t tack  a is  small 

and dividing 

c i en t  of t'he 

. t  

20 

L _ _  . . . 
f12 

cos3 x I - - -  2 sinu z u, 

t h e  equation f o r  t h e  zoments by 1/2PSV22 
moment i n  dimensionless form: 

.- . -- 

we obtain t h e  coef f i -  a' 

where 



- . .  . 
' . ,  , .  

. - . .. . . 
. .  . ,  . . . . .  .I - -  ..^ ._- 

, 
I 

. ?  

~ . - . . - - . 

- - - 
xz , zz ,, and zz are  obtained analogously t o  sx . 

1 .1 1 1 

The re s i s t ance  coef f ic ien t  C- and angle of  a t tack  cy are represented as  
3: 

. z  
funct ions o f  t h e  lift coef f ic ien t  C 

en t i a t ed  r e l a t i v e  t o  C z .  

[ 4 ] ,  and then r e l a t i o n  (7.7) is  d i f f e r -  

We obtain t h e  var ia t ion  i n  t h e  s ta t ic  margin TI deriving from towing: 

(7.8) . 

&(I) ind ica tes  t h e  variaticni i n  t h e  s ta t ic  s t a b i l i t y  der iving from 
t h e  towing cable. 
(uni t  weight, diameter, e x t e n s i b i l i t y ,  length),  t he  config- 
u ra t ion  of t h e  cable,  and t h e  pos i t ion  of t h e  towing 
attachment. 
t h e  s t a t i c  margin, depending on t h e  configuration; 

I t  depends on t h e  proper t ies  of t h e  cable 

This quantity causes increase o r  decrease i n  

A r ( x z )  ind ica tes  t h e  var ia t ion  i n  t h e  s t a t i c  margin der iving from 
displacement of t he  towing attachment hor izonta l ly  r e l a t i v e  
t o  t h e  center  o f  gravi ty  of t h e  g l ide r ;  it depends on the  
aerodynamic da ta  of the g l ide r .  
attachment forward r e l a t i v e  t o  t h e  center  of grav i ty  of the  
g l i d e r  causes t h i s  value t o  be always pos i t i ve  and produces 
increase i n  the  s t a t i c  margin; 

Displacement of t he  

(7.11) 

21  
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AF(Fz) ind ica tes  t h e  var ia t ion  i n  t h e  s ta t ic  margin caused by 
displacement of t he  towing attachment v e r t i c a l l y  r e l a t i v e  
t o  t h e  center  of gravity of  t he  g l ide r .  
t h e  attachment below the center  of grav i ty  ch ie f ly  causes 
decrease i n  the  s t a t i c  margin. 

The s ta t ic  margin i n  towed f l i g h t  zh i s  defined by (7 .3)  after preceding 

Displacement of  

ca lcu la t ion  of i"; from (7 .4)  and xl from ( 7 . 8 ) .  

As we see, the  va r i a t ions  i n  the s t a t i c  margin caused by towing depend on 
many fac tors  and may therefore  cause increase o r  decrease i n  t h e  s t a t i c  s t a b i l -  
i t y  i n  r e l a t i o n  t o  t h e  s ta t ic  margin Ti, corresponding t o  free f l i g h t  with t h e  
cont ro l  :surface held. 

The influence of  t h e  individual f a c t o r s  on the  longi tudinal  s t a t i c  margin 

The s ta t ic  margin affects t h e  dynamic s t a b i l i t y  of a g l i d e r .  

w i l l  be discussed i n  d e t a i l  i n  sect ion 9 of t h e  present paper. 

d i f f e r e n t i a l  equations of motion as coe f f i c i en t  w of  t h e  aerodynamic der iva t ive  . 

m 

I t  appears i n  

W '  

8. 
F1 i g h t  

Simplified Analysis o f  Longitudinal Dynamic S t a b i l i t y  of a Glider i n  Towed 

The equations of motion of a g l ide r  i n  towed f l i g h t  have been derived by 
considering t h e  small per turbat ions of steady horizontal  s t r a i g h t  f l i g h t ;  t h i s  
has permitted l i nea r i za t ion  o f  t h e  equations. 
poss ib le  t o  obtain so lu t ions  i n  a simple form f o r  more convenient s t a b i l i t y  
analysis .  

The l i nea r i za t ion  has made it 

The small per turbat ions a re  designated as follows (Figure 8 ) :  

x' 2 '  var i a t ion  i n  pos i t izn  o f  center  of grav i ty  of g l i d e r  r e l a t i v e  t o  
system x z connected t o  a i r c r a f t ,  1' 

1' 1 
8 var i a t ion  i n  angle of inc l ina t ion  ( ro ta t ion  r e l a t i v e  t o  cen te r  

of grav i ty) ,  

u ,  w components of va r i a t ions  i n  ve loc i ty  r e l a t ed  t o  g l i d e r  i n  the  
d i r ec t ions  of t h e  axes x and z ( re la ted  t o  g l i d e r ) ,  

q var i a t ion  i n  angular veloci ty  of  inc l ina t ion ,  
4 

components of  var ia t ions  i n  g l i d e r  speed i n  d i r ec t ions  of 
axes x' and z1 (related t o  a i r c r a f t ) .  5' wl 

1 1 
I 
i 

The equations of motion of a g l ider  i n  free f l i g h t  r e l a t i v e  t o  the  axes i 
r e l a t i n g  t o  t h e  g l i d e r  (q, z) a r e  given i n  [3,  4 ,  111. After we introduce in to  , 
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them the  forces  der iving from t h e  towing cable we obtain 

I 
I 

*V 

i 

" 
- - -  _ _  

Figure 8. Variation i n  G 1  ider Position Caused by Perturbation Relative 
t o  S t ra ight  Horizontal Steady Flight;  In te r re la t ions  i n  Coordinate 

Sys terns Adopted 

I t  i s  assumed t h a t  t h e  towing-unit ( a i r c r a f t  p lus  g l ider )  were i n  horiz-  
on ta l  steady s t r a i g h t  f l i g h t ,  Ql = 0. 

using t h e  r e l a t i o n s  derived i n  [3], we obtain 

Taking t h i s  assumption i n t o  account and 

converting r e l a t i o n  ( 8 . 3 )  w e  obtain 

I. . .  23 



Subs t i tu t ing  r e l a t i o n s  (8.2) and (8.4) i n  equation (8.1), we obtain a 
system of ordinary d i f f e r e n t i a l  equations with constant coe f f i c i en t s :  

The coe f f i c i en t s  o f  t h e  forces  and moments i n  t h e  case of va r i a t ions  i n  ve loc i ty  
are termed aerodynamic der iva t ives  [3 ,  4 ,  111, and we..designate them, f o r  

/E  
example : 

and, i n  the  case of  displacements, are termed cable der,vat,ves (sect ion 5) and 
[ l o ] ,  e.g.: 

e 

- -  

The aerodynamic der iva t ives  appearing i n  system o f  equations (8.5) a re  not 
derived i n  the  present paper. 
papers dealing with t h e  dynamics 02 a i r c r a f t  f l i g h t .  

They a re  widely discussed and derived i n  many 

By use of [3] t h e  aerodynamic der ivat ives  i n  dimensionless form employed i n  
the range of small ve loc i t i e s  ( the  compressibil i ty of a i r  not being taken i n t o  
account) are c i t e d  i n  f i n a l  form. 

The der iva t ives  of t h e  aerodynamic forces  and moments as a function of 
v a r i a t i o n  i n  ve loc i ty  a re :  

24 
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The der iva t ives  of  t h e ,  aerodynamic , forces  as a funct ion of t h e  angle of 
- -  

i nc l ina t ion  are : 

. 
The aerodynamic der iva t ives  as a funct ion o f  t h e  angular ve loc i ty  of  

p i tch ing  f o r  simple-' tapered wings a re :  

b 

- -- 
. ~. . _ _  .. .. .-- - 2' 

- . . . ... . . . 

The aerodynamic der iva t ive  o f  the  p i tch ing  moment r e l a t i v e  t o  t h e  r a t e  of 
change i n  t h e  angle of a t tack  is: 

(8 9) 

/E  The der iva t ive  of t h e  pitching moment r e l a t i v e  t o  the v e r t i c a l  ve loc i ty  
depends both on t h e  aerodynamic propert ies  of t h e  g l i d e r  and on t h e  configur- 
a t ion  and cha rac t e r i s t i c s  of t he  towing cable:  

25 



using (7.2) and (7.3) we obtain 

Hence 

where 

(8.10) 

t h e  l i n e a r  der iva t ives  of the  forces  r e l a t i v e  t o  displacements X 2 2 2  , Xz , ZX , 
2 1 1 

and Zz o f  t h e  end of t h e  cable  have been derived i n  sec t ion  5 of t h e  present  
1 

paper. - 
The l i n e a r  de r iva t ives  of  t h e  pi tching moment r e l a t i v e  t o  t h e  displacements 

and t h e  angle of i nc l ina t ion  and the  l i n e a r  de r iva t ives  of t h e  forces  r e l a t i v e  
t o  t h e  angle of i nc l ina t ion  are derived below. . 

The va r i a t ions  i n  the  forces  and moments der iv ing  from t h e  cable  as a 
funct ion of t he  displacement and va r i a t ion  i n  t h e  angle of i nc l ina t ion  are of  
t h e  form 

.--.- -,- .“.-, , . - ^ C . . . _ . . . _ . . . . . .  ~ .. . .. 



. .  . -. . . .. . 
. :  

allowing f o r  t h e  var ia t ion  i n  the  angle of i nc l ina t ion  d ,  we obta in  (Figure 6) 

t h e  cable der iva t ives  i n  t h e  above equations are t h e  coe f f i c i en t s  of d3c1, dz,, 
and de. 

The cable  der iva t ives  a r e  given below i n  dimensionless form: 

(8.11) 

/z A l l  aerodynamic and l i n e a r  der iva t ives  being known, we proceed t o  solve 
system of equations (8.5). System of equations (8.5) is  converted t o  dimension- 
!less form by dividing t h e  equations’of forces  by pV2S, and the  equation f o r  t h e  
moments by pV2SZH, and by introducing t h e  following expressions i n  accordance 

with t h e  terms 

JY 
!9 =fi 

’- UI . - H’I 

u’ = Y’ w1 = - V 

adopted i n  av ia t ion  [3, 1 2 ,  131: 

aerodynamic time , 

r e l a t i v e  densi ty  o f  a i r c r a f t ,  

dimensionless time, 

dimensionless moment o f  i n e r t i a ,  

dimensionless l i n e a r  ve loc i t i e s ,  

dimensionless angular ve loc i tv  of Ditching 
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I t  has a l s o  been assumed t h a t  the axes r e l a t e d  t o  the  g l i d e r  have been se lec ted  
so  t h a t  t h e  d i rec t ion  o f  ve loc i ty  V before t h e  per turbat ion o f  t he  equilibrium 
agreed with t h e  d i rec t ion  o f  t h e  t axis se lec ted ,  i . e . ,  U1 = V. 
equations i n  dimensionless form is obtained: 

A system of 

(8 .12)  

. The general  so lu t ion  of t he  system of equations i s  an t ic ipa ted  i n  t h e  form 
I 

After s u b s t i t u t i n g  the  above relations i n  system of  equations ( 8 . 1 2 ) ,  dividing 

by e , and ordering r e l a t i v e  t o  z 

ous equations. 
of t h e  coe f f i c i en t s  of zo, z o ,  and 8 0 
order ing r e l a t i v e  t o  t h e  powers o f  X, w e  obtain t h e  c h a r a c t e r i s t i c  equation i n  the  
form 4 .  

and 8 we obtain a system of homogene- 

The condition of so lu t ion  o f  t h i s  system i s  t h a t  t he  determinant 

ht 
w zo' 0' 

= 0. After expanding t h e  determinant and 

(8 .13)  

where coef f ic ien ts  B1, C1, D1, and El are t h e  coef f ic ien ts  of a c . .aracter is t ic  

quadra t ic  equation i n  the  case of free g l i d e r  f l i g h t  [3] .  

t he  por t ion  corresponding t o  f r e e  f l i gh t  and the  port ion allowing f o r  t h e  

? 
4 

i 
i 
1 

- 1  

The coef f ic ien ts  of cha rac t e r i s t i c  equation (8.13) could be separated i n t o  

. -  

/E 



influence of towing. 

The coefficients of the characteristic equation for free flight are 

I x,z,-xq2, - ) mu, -(xu I , Sutq-.TqZr; ------) i i ,+  (x,-xa7 ------ 
Irl 111 ' 

- _  
_- - _ -  __ * El =: (zu.n~"-~~nlu.)A-3. _ _  

3 

The variations in the coefficients of the characteristic equation caused by 
towing are: . 

29 
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The Routh-Hurwitz s t a b i l i t y  criteria r e l a t i n g  t o  small per turbat ions of 
steady movement s e t  t h e  condition that  a l l  coe f f i c i en t s  of c h a r a c t e r i s t i c  equa- 
t i o n  (8 .13)  be pos i t i ve :  

BI , C, D, E, F, G > 0 
- -  - 

as well as t h a t  t h e  Routh discriminant be g rea t e r  than zero [l]: 

where 

where 

(8.14) 

(8.15) 



. . .  . . . . - . . . . .  . ... , .. . ~ . .  
. 

I 

B =  B ! .  c -  cyi-c;, D = D,TDil. E =  E,+ E: ,  F- Fi, G = G:, - -_ 

To determine whether t h e  g l ider  i s  s t a b l e  i n  towed f l i g h t  it su f f i ces  t o  

In  t h e  case o f t h e  so lu t ion  of equation (8.13) t h e  roots  obtained are of 

check t h e  Routh-Hurwitz c r i t e r i a  of (8.14) and (8.15). 

t h e  f o b  

0 

. _ _ _  - 
I- -- 

(8.16) 

and f o r  a s t a b l e  g l i d e r  t h e  damping co f f i c i e n t s  a r e (  h < 0, i . e . ,  t h e  motion i s  

damped and t h e  g l i d e r  i s  dynamically stabls). 

, 
2: = t k  * ---h 

* n Z j r ] n  
- ,  - 

3 n 

b 

*The roots  of t he  cha rac t e r i s t i c  equatioh * (eigenvalues) being known, we can 
ca l cu la t e  t h e  eigen vec tors  using two equations of system (8.12) i n .  t h e  form 

(8.17) 

n 
where x are t h e  curresponding eigen values ,  and x l ,  zl, and 8 

vectors  corresponding t o  them. 

+ +  are t h e  eigen n 

We obtain t h e  equations describing t h e  miwement of t h e  g l i d e r  af,ter pertufba- 
t i o n  i n  t h e  form 

Theconstants K are ca lcu la ted  from t h e  i n i t i a l  conditions f o r  = 0. n 

9. Numerical Example and Conclusions 

(8.18) 

As an example ca lcu la t ions  have been made f o r  a prototype high-performance 
In t h e  ca lcu la t ions  the  towing parameters have been changed i n  succes- g l ide r .  

s ion  so tha t  it w i l l  be possible  t o  f i nd  t h e  influence of the  individual  f ac to r s  
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on the  s t a b i l i t y  of t he  g l i d e r  i n  towed f l i g h t .  A t  t h e  same time, ca lcu la t ions  /E 
have been made f o r  s t a b i l i t y  i n  f r e e  f l i g h t  and compared with t h e  r e s u l t s  of 
calculat ions f o r  towed f l i g h t .  
employed i n  p rac t i ce ,  has been adopted f o r  t he  ca lcu la t ions .  

A type C cable,  t h e  one t h e  most f requent ly  

0,3855 i 33.200 i 0.476+ 1415 

In  the  diagrams t h e  va r i a t ions  i n  the  coe f f i c i en t s ' ?  of  damping have been 
drawn i n  continuous l i n e s ,  and t h e  var ia t ion  i n  ve loc i ty  
towing parameters i n  broken l i nes .  The th ick  continuous l i n e s  and t h e  broken 
l i n e s  character ize  the  towed f l i g h t  of  a g l ide r ,  and t h e  t h i n  l i n e s  t h e  free 
f l i g h t  of a g l i d e r  under conditions equivalent t o  towed f l i g h t .  

as a funct ion o f  t h e  

0.003 , * r0.411 

A l l  ca lcu la t ions  were performed by a GIER d i g i t a l  computer i n  accordance 
with programs i n  G I E R - A L G O L 1 1 1  language. 
equation was solved by the  Bairstow method [15], t h i s  making it poss ib le  t o  f ind  
t h e  complex roots .  

The c h a r a c t e r i s t i c  s ixth-order  

9.1. Influence of position of glider retat ive  t o  towing aircraf t  on 
s tabi l i t y .  
constant speed of V = 30 m/sec. 
plane z 

The g l i d e r  is  towed on a cable of a length o f  2 = 50 m at a 0 
The g l i d e r  may be displaced i n  t h e  v e r t i c a l  

The = *20 m r e l a t i v e  t o  t h e  l i ne  of  f l i g h t  of t h e  towing aircraft .  1 
va r i a t ion  i n  the  s ta t ic  margin is  shown i n  Figure 9 ca lcu la ted  from ( 7 . 4 ) ,  
(7.8), and ( 7 . 3 ) .  

After so lu t ion  of cha rac t e r i s t i c  equation (8.13) s i x  roots  were obtained 
(8.16), which cons t i t u t e  t h e  eigenvalues o f  the  system. 

complex conjugate roots  j t  = e-!-itt* A i =  [:+it:* corresponding t o  per iodic  motion o f  

t h e  g l i d e r  and two real roots  8 = 6; i j: = e':,correspo/nding t o  aper iodic  motion. . 

The va r i a t ion  i n  the  eigenvalues i s  shown i n  Figure 10 p lo t t ed  as a function o f  
t h e  posi t ion.  

There appear two 
- - - -  

- 
-.- --- 

> 

By way of example t h e  eigen v e t o r s  calculated from equations (8.17) €or a 
se l ec t ed  towing angle 
determination of t h e  na tu ra l  forms o f  t h e  system. 

= 20° are  given below; t h i s  has permitted proper 

1 
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i 

j 
The eigenvalues correspond to rap id  s t rongly  damped o s c i l l a t i o n s  (high 

o s c i l l a t i o n  frequency) about the center of  g rav i ty  of  t h e  g l ide r .  The eigen- 
values $ correspond t o  aperiodic weakly damped longi tudinal  displacements of 

t h e  g l i d e r ,  while eigenvalues xh character ize  the  aperiodic  very weakly damped 

vertical displacements of  the  gl ider .  
4 

Eigenvalue character izes  per iodic  phugoid movements [3] and [4] (of 

small frequency, weakly damped). I t  
exerts t h e  s t ronges t  effect on osc i l l a t ions  about t h e  c e n t e r  of grav i ty ,  and t h e  
least effect on horizontal  displacements, La lcu la t ion  of  va r i a t ions  i n  z, 2,  
and 8 as a funct ion of  time (8.18), i n  r e l a t i o n  t o  t h e  i n i t i a l  conditions 
ind ica tes  t h a t  t h e  g rea t e s t  influence on g l i d e r  s t a b i l i t y  i n  towed f l i g h t  is 
exerted by per turbat ions causing elevation o f  t h e  g l i d e r .  
displacements exert  a s t rong influence on o s c i l l a t i o n s  immediately a f t e r  t h e  
per turbat ion,  while t h e  v e r t i c a l  displacements manifest themselves a f t e r  a 
certain period (gradual increase i n  amplitude) and are weak. 

The va r i a t ion  i n  t h e  pos i t ion  o f  t h e  g l i d e r  r e l a t i v e  t o  the  l i n e  of f l i g h t  
of t h e  towing aircraft  has a decis ive effect on t h e  phugoid o s c i l l a t i o n s  (eigen- 

-h 4 values Xz) and aperiodic  longitudinal movements of t h e  g l i d e r  (x,) (Figure 10).  

In f l i g h t  of t h e  g l i d e r  below t h e  l ine  of  f l i g h t  of t h e  towing aircraft ,  damped 

phugoid movements (E2  < 0) and undamped longi tudinal  o s c i l l a t i o n s  ( 5 ,  > O)occur, 

Variation i n  t h e  pos i t ion  o f  t h e  g l i d e r  has no effect on rap id  o s c i l l a t i o n s  

2 
It  affects a l l  th ree  types of movement. 

- -  

The horizontal  

/E 

4 -42 
. . -. - . - 

-4.2 4 4 (.el, and 11 ) a r e  on aperiodic ve r t i ca l  displacements (e4). 1 

Comparing t h e  eigenvalues character iz ing t h e  f r e e  f l i g h t  of a g l i d e r  we see 
(Figure 10) t h a t  towing exer t s  no e f fec t  a t  a l l  on rap id  o s c i l l a t i o n s  

= rl and $ = Fl), while it ex%rts a s t rong  influence on the  damping of 

4 phugoid o s c i l l a t i o n s  (tZ f rz) i n  t h e  case of  s l i g h t  frequency changes 
4 

(q2  a F2). 
values occur, x and T4, which a r e  predominantly real quan t i t i e s  and character-  
i ze  aperiodic  movements. 

In towed f l i g h t ,  as compared t o  free f l i g h t ,  two addi t ional  eigen- 

3 

Elevation of t h e  g l i d e r  above the towing a i r c r a f t  causes increase i n  t h e  
s ta t ic  margin, Figure 9, but does not cause increase i n  t h e  dynamic s t a b i l i t y .  

9.2. Influence of t o w i n g  speed on gZider s tab i l i t y .  The g l i d e r  is towed 
on a type C cable of a length of lo = 50 m a t  varying speeds. 
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Figure  9. V a r i a t i o n  i n  " S t a t i c  Margin" o f  a G l i d e r  As a Function 
o f  V e r t i c a l  Pos i t ion  R e l a t i v e  t o  Towing A i r c r a f t  
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Figure 10. V a r i a t i o n  i n  C o e f f i c i e n t s  o f  Damping and Frequency 
As a Function of V e r t i c a l  Pos i t ion  R e l a t i v e  t o  Towing A i r c r a f t  
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Figure 1 1 .  Curves o f  Glider E q u i l  ibrium -,Variation i n  Towing Angle 4 , ,  
A s  a Function of  L i f t  Coefficient C f o r  Various Towing Speeds z 

The va r i a t ion  i n  the  towing angle 4 as  a function of  t h e  l i f t  coef f ic ien t  
The 

1 
of t h e  g l i d e r  Cz has been calculated from (6 .8 )  f o r  several  towing speeds. 
equilibrium diagrams a r e  given i n  Figure 11. 

We see from Figure 11 t h a t  a gl ider  may be towed a t  a c e r t a i n  speed and i n  
a c e r t a i n  pos i t ion  r e l a t i v e  t o  t h e  towing a i r c r a f t  (4 ) only at  one value of  Cz 
assuring equilibrium. 

/E 1 

In  towed f l i g h t  t he  minimum speed Vmin of  a g l ide r  corresponding t o  free 

f l i g h t  can be reached only i n  a posi t ion below t h e  l i n e  of f l i g h t  of t h e  towing 
a i r c r a f t .  In pos i t ions  above t h e  l ine  of f l i g h t  of t h e  towing a i r c r a f t  mushing 
of t h e  g l ide r  ensues a t  a speed higher than the  minimum speed, Vminh > Vmin. 
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Figure  12. V a r i a t i o n  i n  " S t a t i c  Margin" o f  a G l i d e r  
w i t h  Towing Speed for  a Towing Angle o f  $ ,  = 20" 
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F igure  13. V a r i a t i o n  i n  Damping and Frequency C o e f f i c i e n t s  o f  a 
G l i d e r  w i t h  Towing Speed f o r  a Towing Angle o f  4 = 20' 1 
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Figure 14. V a r i a t i o n  i n  Dampi-ng and Frequency Coeff i c i e n t r  
o f  a G l i d e r  w i t h  Towing Speed f o r  a Towing Angle o f  @ 1  = -5” 
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Figure 16. V a r i a t i o n  i n  Damping and Frequency C o e f f i c i e n t s  
o f  a G l i d e r  w i t h  Coef f ic ient  of E x t e n s i b i l i t y  o f  a Type C 

Cable f o r  a Towing Angle o f  $, = 20" 

41 



With a constant towing angle 41 = 20' t h e  va r i a t ions  i n  t h e  s t a t i c  margin 
(Figure 12) and t h e  eigenvalues (Figure 13) have been calculated f o r  various 
towing speeds, and t h e  eigenvalues for a towing angle o f  41 = -5' (Figure 14). 

We see t h a t  va r ' a t i on  i n  the  towing speed has no effect  on the  damping of 

/a 

f a s t  o s c i l l a t i o n s  (E, 2; = Fl) and a s l i g h t  e f f e c t  on va r i a t ion  i n  frequency 

(q 
no effect on aperiodic v e r t i c a l  movements (p = const)  (Figures 13 and 14) .  

4 t h e  o the r  hand, increase i n  t h e  damping of phugoid o s c i l l a t i o n s  E 2 
increase i n  speed, espec ia l ly  f o r  a g l ide r  pos i t ion  below t h e  l i n e  of f l i g h t  of 
t h e  towing aircraft (Figures 13 and 14). 
(Figure 12)  is of t h e  same nature  as f o r  free f l i g h t .  

77 ), produces no d i f fe rences  between towed and free f l i g h t ,  and exer t s  1 
On 4 

occurs with 

The va r i a t ion  i n  t h e  s ta t ic  margin 

Figure  17. Curves o f  G l i d e r - E q u i l i b r i u m  and V a r i a t i o n  i n  Towing Angle 
9 1  As a Function of the  L i f t  Coef f ic ient  C 
Pos i t ions  o f  Towing Attachment R e l a t i v e  to'Center o f  G r a v i t y  o f  

f o r  Various Hor izonta l  

G 1  i d e r  



I 

I 

I 9.3. Effect  o f  length and a t e n s i b i l i t y  o f  towing cable on glider stabil-  
ity. 
at a towing angle of 4 
length (Figure 15). 

t h e  coe f f i c i en t  of e x t e n s i b i l i t y  X is var ied  f o r  it (Figure 16). 

Calculations have been made f o r  a g l i d e r  towed a t  a speed of V = 30 m/sec 
= 2 0 ° .  The towing cable is  a type C cable o f  var iab le  /E 1 

Then a type C cable of a length lo = 50 m i s  adopted and 

\ 

Figure  18. Curves of Glider e u i l i b r i u m  f o r  Various V e r t i c a l  Pos i t ions  
o f  Towing Attachment R e l a t i v e  to Center o f  G r a v i t y  of G l i d e r  

. Variations i n  t h e  length of the towing cable and i t s  e x t e n s i b i l i t y  cause no 
changes i n  t h e  s ta t ic  margin as compared t o  free f l i g h t  ( i f  t he  f l i g h t  i s  made 
a t  a constant towing angle @1 = const) .  

4-42 
Variation i n  cable length a f fec ts  only t h e  phugoid o s c i l l a t i o n s  ( E 2 ,  q 2 )  

The ex tens ib i l i t y  of  t h e  cable has no influence on 

and aperiodic  longi tudinal  displacements (3: 4 ), but  exe r t s  no e f f e c t  on rapid 
3 

o s c i l l a t i o n s  (Figure 15). 
va r i a t ion  i n  the  eigenvalues (Figure 16). 

9.4. Influence of  position of towing attachment relative t o  center o f  
g r a v i t y  o f  glider on equilibrium and s tabi l i ty .  The case has been considered of  
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, 

towed f l i g h t  at  a speed of V = 30 m/sec on a type C cable  of a length lo = 50 m 
at a constant towing angle 9, = 20'. 
r e l a t i v e  t o  t h e  center  of grav i ty  by displacing it from t h e , c e n t e r  of grav i ty  
hor izonta l ly  forward a t  constant = 0 and v e r t i c a l l y  downward x a t  nraxxx 

The pos i t ion  of  t h e  towing cable  is var ied 

Z z z 
constant Fz = 0. 

Curves of equilibrium calculated from (6.8) as a funct ion of horizontal  
displacement of t h e  towing attachment a r e  shown i n  Figure 17. The influence of 
v e r t i c a l  displacement of the  attachment i s  shown i n  Figure 18. 
displacement of t h e  towing attachment forward causes s teeper  s lope of t h e  equi- 
l ibrium curves, t h i s  i n  e f f e c t  permitt ing g r e a t e r  movement of  t h e  e leva tor  t o  
achieve equilibrium. 
Vertical displacement of  t h e  towing attachment has but s l i g h t  effect on equi- 
1 ibrium. 

We see tha t  

This is an important f a c t o r  f o r  t r a i n i n g  g l ide r s .  

Displacement of t h e  towing attachment hor izonta l ly  forward always causes rn- 
grea t  increase i n  the  stat ic  margin (Figure 19), while displacement of t he  
attachment v e r t i c a l l y  downward always reduces t h e  s ta t ic  margin (Figure 20) .  

Variat ions i n  t3 p 3 i t i o n  o f  the towing attachment exer t  no e f f e c t  on 
rapid o s c i l l a t i o n s  (El, B ), while they exert a s t rong influence on phugoid 1 
o s c i l l a t i o n s  (e, $) and aperiodic  displacements ( E  4 and 4 E , )  . 

Displacement of the  attachment v e r t i c a l l y  forward a f f e c t s  t he  damping 

($ < 0) of phugoid o s c i l l a t i o n s  and causes increase i n  the  divergence of 
aper iodic  movements (e > 0 . .  and E ,  > 0) .  Variation i n  t h e  pos i t ion  o f  t he  
attachment v e r t i c a l l y  downward from the  center  of  grav i ty  causes increase i n  
damping of  aper iodic  movement and divergence of t he  phugoid osc i l l a t ions .  

4 

I t  is  t o  be seen from t h e  foregoing r e s u l t s  t h a t - t h e  forward pos i t ion  of 
the, towing attachment is  more advanta eous f o r  reasons o f  equilibrium and- 
s t a b i l i t y  of t h e  g l i d e r  i n  towed f l i g  f t .  .'. 

I 9 .5 .  Influence o f  variation i n  s tat ic  margin on dynamic stabili ty of  a 
glider. 
aerodynamic cha rac t e r i s t i c s ,  and the towing conditions.  

The s t a t i c  margin o f  a g l ide r  i s  a f fec ted  by t h e  design parameters, t h e  
$ 

! 

i 
. I  

Figures 23 and 24 i l l u s t r a t e  t h e  va r i a t ions  i n  the  eigenvalues xh i n  t he  
case of  towing a t  a speed corresponding t o  t h e  l i f t  coef f ic ien t  Cz = 0.75 f o r  
two g l i d e r  pos i t ions ,  above (Figure 23) and below (Figure 24) t h e  l i n e  of  f l i g h t  
of t he  towing a i r c r a f t .  

f 

I 
I 
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Figure 19. V a r i a t i o n  in  " S t a t i c  Margin" w i t h  Hor izonta l  Posi- 
t i o n  o f  G l i d e r  Towing Attachment f o r  a Towing Angle 4 1  = 20" 
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Figure 20. V a r i a t i o n  
t i o n  o f  G l i d e r  Towing 

. .  

t 

. -  

I 

n " S t a t i c  Margin" w i t h  V e r t  
Attachment f o r  a Towing Ang 

cal Posi- 
e 4 ,  = 20' 
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Figure 21. V a r i a t i o n  i n  G l i d e r  Damping and Frequency C o e f f i c i e n t s  
w i t h  Hor izonta l  P o s i t i o n  o f  G l i d e r  Towing Attachment for  a 

Towing Angle 4 ,  = 20' 
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Figure 22. V a r i a t i o n  i n  G l ider  Damping and Frequency C o e f f i -  

f o r  a Towing Angle 4 1  = 20" 
c i e n t s  w i t h  V e r t i c a l  Pos i t ion  o f  G l i d e r  Towing Attachment 
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Figures 25 and 26 show t h e  ~ function f o r  t h e  same g l i d e r  pos i t i ons ,  but 
with a l i f t  coe f f i c i en t  C = 0.22, t h i s  corresponding t o  higher speed. z 

I t  follows from these diagrams t h a t  both t h e  damping and the  frequency of 
rapid o s c i l l a t i o n s  i n  towed and f r e e  f l i g h t  a r e  i d e n t i c a l  (Figures 23-26). 

Increase i n  the  s t a t i c  margin exerts  a s t a b i l i z i n g  effect ,  s ince  the re  is  a 
4 decrease i n  pos i t i ve  values  E . 

An important f a c t o r  a f f ec t ing  s t a b i l i t y  i s  t h e  towing speed ( f l i g h t  a t  
smaller values C ) and t h e  pos i t ion  of  t he  g l i d e r  r e l a t i v e  t o  t h e  towing a i r -  
craft  . z 

Comparing t h e  r e s u l t s  of Figure 26 with 'The r e s u l t s  o f  Fi_gure 23:25 w e  see 

min 
t h a t  t h e  most advantageous conditions of  towed f l i g h t -  are higher towing speed 
( in  t h e  g l ide r  case considered Vh > 1 . 4  V 

t h e  l i n e  of f l i g h t  of t h e  towing aircraft. 
) and a pos i t ion  of  t h e  g l i d e r  below 

9.6. Conclusions. The s t a b i l i t y  of a g l i d e r  i n  towed f l i g h t  i s  influenced 
by t h e  towing parameters and by t h e  s t r u c t u r a l  and aerodynamic design of t h e  
g l ide r .  The considerations of the  foregoing sec t ions  point  t o  the  following 
conclusions. 

a. Design. The g l i d e r  towing attachment should be s i t u a t e d  as fa r  as 
poss ib le  forward from t h e  center  of grav i ty  (and in so fa r  as  poss ib le  above the  
center  of grav i ty  of  t h e  g l ide r ) .  
damping of  phugoid o s c i l l a t i o n s ,  and prevents abrupt va r i a t ions  i n  the  v e r t i c a l  
pos i t i on  of  t h e  g l i d e r  with small movements of t h e  control  s t i ck .  

This causes increase i n  t h e  s ta t ic  margin and 

The s t a t i c  margin insuring proper p i l o t i n g  of a g l i d e r  i n  free f l i g h t  is  i 
' s u f f i c i e n t  f o r  towed f l i g h t .  

~ - L _  - - - _ _  , - 
1 b. Conclusions deriving from variations i n  towing parameters. Because of  

t he  p o s s i b i l i t y  of earlier s ta l l  of a g l i d e r  i n  towed f l i g h t ,  t he  minimum towing 
speed m u s t  be determined f o r  t he  pa r t i cu la r  g l ide r ,  Vh min > Vmin. 

Higher towing speeds insure increase i n  g l i d e r  s t a b i l i t y .  

advantageous, s ince  it causes damping of t h e  phugoid osc i l l a t ions .  

aper iodic  movements may occur i n  towed f l i g h t ,  but  t h i s  takes  place very slowly 
and t h e  p i l o t  can always r eac t  with t h e  controls  t o  increase s t a b i l i t y .  

I A g l ide r  pos i t ion  below the  line of f l i g h t  of t he  towing a i r c r a f t  is more 

I n s t a b i l i t y  of t h e  phugoid osc i l l a t ions  or s l i g h t  divergence of t h e  

- -- <-- - - .. 

9100 - 
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Figure 23. V a r i a t i o n  i n  C o e f f i c i e n t s  
a G 1  i d e r  w i t h  " S t a t i c  Margin'' f o r  a 

Cz = 0.75 

50 
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of Damp i ng and Frequencyof 
Towing Angle 4 ,  = 20" and 
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Figure  24. V a r i a t i o n  i n  C o e f f i c i e n t s  o f  Damping and Frequency o f  
a G l i d e r  w i t h  " S t a t i c  Margin" f o r  a Towing Angle $ 1  = -5" and 

Cz = 0-75 
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Figure 25. V a r i a t i o n  i n  C o e f f i c i e n t s  o f  Damping and Frequency of 
a G 1  ider  w i t h  " S t a t i c  Margin" f o r  a Towing Angle 4 1  = 20' and 

cz = 0.22 

. .. . . - . . . 
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Figure  26. V a r i a t i o n  i n  C o e f f i c i e n t s  o f  Damping and Frequency o f  
a G l i d e r  w i t h  " S t a t i c  Margin" f o r  a Towing Angle O 1  = -5" and 

cz  = 0.22 
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